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Abstract – In order to meet the requirement of industrial production, a control system of a novel 
flux reversal linear rotary permanent magnet actuator (FR-LRPMA) is developed in this paper, and 
the electromagnetic and motion decoupled process is analyzed in detail. Firstly, the control 
equation of FR-LRPMA is derived in the nine phase stator coordinate system and dual dq-axis 
mover coordinate system. Then the control model of FR-LRPMA is built in MATLAB/Simulink 
using improved space vector pulse width modulation (SVPWM), and the linear, rotary and spiral 
motions of the proposed actuator are achieved. Finally, the prototype of the actuator is 
manufactured, and the experiment platform of FR-LRPMA is set up to measure the cogging torque 
and linear detent force, validating the simulation results. It is concluded that the control system of 
FR-LRPMA can be converted into two independent single freedom motors by dual dq 
transformation. The improved SVPWM is effective in the control system, and the method can be 
used to solve the electromagnetic and motion decoupling problems. 
 





The study of two-degree-of-freedom linear rotary motor 
(2-DOF LRM) has been an important research topic, 
especially in the recent years. Many novel topologies and 
control systems of 2-DOF LRM have been presented by 
various authors. Linear rotary actuator can be divided into 
several classes according to the stator number, namely, 
single stator structure, double stator structure, multi-stator 
structure and split-half stator structure [1]. The single stator 
structure is classified in several categories, including two 
sets of armature windings [2-4], concentrated windings 
[5][6] and spiral windings structure [7]. In [2-4], since the 
rotary and linear windings are orthogonal, there are cross-
coupling in the magnetic field of the motor. In [5][6], there 
are multiple sets of concentrated windings. The control 
system and control strategy are difficult and complicated. In 
[7], the stator slot is spiral structure, and the eddy current 
loss is large. The double stator structure can be grouped into 
inner and outer double stator structure and side-by-side 
double stator structure [8-11], which has made the magnetic 
circuit of linear unit and rotary unit independently to achieve 
motion decoupling easily. However, the requirement of the 
manufacture and assemble are higher. Multiple stator 
structure can be classified into inductive structure and 
switched reluctance structure [12][13]. The stator consists of 
several independent stators, and the efficiency of the 
actuator is low and torque ripple is large. In addition, there 
are still lots of actuators, such as the actuator that only 
performs helical motion [14][15] has limited application. 
The manufacture cost of an actuator with integrated 
magnetic gear function is high [16]. In [17-24], an actuator 
combining permanent magnet and magneto-resistive 
materials, LRM with hybrid excitation structure, step-type 
linear rotary reluctance actuator, micro-rotating linear 
actuators for micro endoscope catheters, rotary-linear voice 
coil motor, radial-gap helical ROTLIN machine, rotary-
linear pneumatic actuator, and transverse-flux-type 
cylindrical linear synchronous motor are proposed by 
scholars at home and aboard, which can be used in special 
application situation. A linear rotary piezoelectric actuator 
including piezotranslator, friction block, sleeve, ring and 
pad was proposed, and the working principle, design and 
dynamic model of the actuator was analyzed in [25]. In [26], 
a piezoelectric actuator with a single cubic stator was 
presented, a through-hole and four piezoelectric elements 
bonded to the sides of the stator, which makes the actuator 
compact without any special manufacturing. The 
characteristics of cylindrical rotary-linear ultrasonic motor 
were analyzed, and the influence of exciting position and 
length of piezoelectric ceramic transducer plates on the 
performance of stator were researched and tested by the 
virtual instrument technology [27].  
In order to meet the requirement of industrial application, 
the drive control system of 2-DOF LRM needs to not only 
detect the angular displacement, velocity, acceleration and 
torque/thrust, but also performs decoupling calculations. 
According to the literatures, the winding structure of the 
single winding LRM is similar to that of the traditional 





adopted, but the motion decoupling and electromagnetic 
decoupling is difficult to perform, and the control strategy is 
complicated [28]. The two suits of independent windings 
can control linear and rotary motions, respectively. Then the 
actuator can be considered as two single winding motors. 
The control method and control strategy of the traditional 
motor can be adopted, but the actuator has motion 
decoupling problem. The cost of the control system 
increases [29][30]. According to the different requirements, 
the control system of multi-winding LRM consisting of 
rotation/linear speed closed loop, torque/thrust closed loop, 
linear position closed loop and current closed loop can be 
established, which can realize linear, rotary and spiral 
motions. However, there are many devices in the controller 
of the multi-winding LRM, the cost of the devices increases 
and the control circuit is complicated [31][32]. Therefore, 
the study of 2-DOF LRM has important research 
significance.  
Since there is one set winding in the flux reversal linear 
rotary permanent magnet actuator (FR-LRPMA) used to 
realize the linear, rotary and spiral motions, solving the 
problems of the electromagnetic coupling and motion 
coupling is the key of the research. The decoupling process 
is analysed in detail in this paper. Firstly, the flux-linkage 
equation, voltage equation, torque equation and motion 
equation of FR-LRPMA are derived in the nine-phase stator 
coordinate system and dual dq-axis mover coordinate 
system. Secondly, an improved space vector pulse width 
modulation (SVPWM) is derived, and the control system is 
built by using modular and functional modeling methods in 
MATLAB/Simulink software. According to the function of 
the system to determine the composition of the various 
subsystems, the features of the subsystem are subdivided to 
determine the content of the next level subsystems, and the 
control model is built from top to bottom, which can achieve 
the linear, rotary and spiral movement. The simulink results 
at load condition are shown in section 3. Lastly, a prototype 
of FR-LRPMA and an experimental control platform are 
established. In order to verify the correctness of the 
improved control methods and strategies that can solve the 
problems of the electromagnetic and motion couplings, the 
control experiment of rotary, linear and spiral motions are 
conducted in section 4.  
 




Fig. 1 shows the FR-LRPMA topology with three identical 
stator sections and two stator magnetic isolation aluminum 
rings in the axial direction. There are four sub-poles, namely, 
two permanent magnet (PM) poles and two ferromagnetic 
(Fe) poles, mounted on the surface of each stator pole. Eight 
mover salient poles in the circumferential direction are 
staggered by 22.5 degrees in the axial direction. The main 
circuit is dual-layer flux switching structure in 
circumferential and axial directions, which has better 
electromagnetic characteristics than single structure. Table 1 
lists the main parameters of FR-LRPMA. 
  
Fig. 1. The topology of FR-LRPMA. 
Table 1. Main parameters of the FR-LRPMA 
Parameters Value 
Mover diameter (mm) 60.2 
PM height (mm) 5.2 
Pole pitch (z/mm) 21 
Winding number 80 
Air-gap length (mm) 0.6 
Stator pole width (mm) 21 
PM width (/mm) 9.9 
PM width (z/mm) 9.5 
Stator yoke diameter (mm) 120 
Move pole length (z/mm) 7.5 
Ratio of stator pole and slot () 1.2 
Stator length (z/mm) 97 
Mover inner diameter (mm) 25 
Coil diameter (mm) 0.6 
Ratio of stator pole and slot (z) 1.5 
Mover length (z/mm) 144 
 
2.2 The Control System Block Diagram 
 
Fig. 2 illustrates the control system block diagram of FR-
LRPMA. The control system consists of two speed loops, 
namely, the linear and rotary speed loops. The main 
components of the control system include the detection and 
speed calculation of linear and rotational positions, linear 
and rotational speeds, PI controller, dual dq inverse 
transform, current sampling and SVPWM drive. Rotary 
motion feedback signal consists of rotary speed and rotary 
position signals. Linear motion feedback signal consists of 
linear speed and linear position signals. 
id=0 is used in the servo drive system. Speed feedback is 
used to reflect the difference between the actual speed and 
the reference value of the drag system, and it can also make 
the actual speed close to the given speed by adjusting the PI 
parameters to improve the dynamic performance of the 
system. Current feedback is used to reflect the load 
condition, so that the torque component of the DC signal 




similar to that of DC motor. 
 
Fig. 2. The control system block diagram of FR-LRPMA. 
 
The nine phase current signals of FR-LRPMA can be 
equivalent to the four DC current signals, shifted by 90 
degrees to each other in the motion. The difference of the 
speed feedback value and the speed reference is taken as the 
input of the speed regulator. The current reference value is 
generated by the speed control, and the current reference 
value and the current feedback constitute a closed-loop 
current control by adjusting the PWM duty cycle to change 
the current value. Compared with the current reference value 
and the current feedback value, the output of the nine phase 
PWM is generated by SVPWM control. It is input into the 
established body model of FR-LRPMA, and then the output 
torque or thrust control is achieved. 
2.3 The mathematical model in the mover coordinate 
system 
In order to simplify the mathematic model of FR-LRPMA, 
the following assumptions are made: a) Motor parameters 
do not change with the working temperature, b) the 
hysteresis, saturation, and eddy current effects are ignored, 
c) sinusoidal distributions of the air-gap magnetic field are 
generated by the stator armature windings and the 
permanent magnets, d) the cogging effect, higher harmonics 
and the impact of magnetic flux leakage are ignored, and e) 
switching devices are ideal. f) The saturation of magnetic 
circuit is ignored. 
The permanent magnet Back-EMFs of phase m in linear 
motion and rotary motion are  
_ 2 cos( ) sin(2 /3 )/3Lpm m z c pm i z j zE pv N p z z         (1) 
_ sin( ) cos(2 /3 )Rpm m r c pm i z jE p N p z z          (2) 
where Nc is the number of windings, pm is the amplitude of 
permanent magnet flux linkage in stator winding, p is the 
pole pair in the rotary motion, z is the pole pitch in the axial 
direction, ωr is the mover rotational angular velocity, and z 
is the linear speed of the mover. 
The expression of the current in the nine phase stator 
windings is  
max cos( ) cos( )m i i z j ji I t t z z              (3) 
where Imax is the amplitude of the stator winding current,  
and z are angular speeds in the circumferential and axial 
directions, i and zj are the phase differences of flux 
linkage and the current in the circumferential and axial 
directions, respectively. m is A, B, C, D, E, F, G, H or I, 
respectively. i and zj are the phase differences of different 
stator windings in the circumferential and axial directions, 
with values of 0, 2π/3, -2π/3, respectively.  
Since the FR-LRPMA can achieve 2-DOF movement, a 
dual dq mover coordinate system is established. Fig. 3(a) 
shows the winding arrangement. The linear, rotary or spiral 
motion is achieved by changing the phase of the current in 
the winding. Fig. 3(c) are the no load flux linkage waves, 
Phase A is taken as analysis objective. When the actuator is 
in rotary or linear motion, (A, B, C), (A, D, G) have same 
sinusoidal PM linkage waveform, (A, F), (A, H) and (A, E, I) 
are the PM linkage waveforms of spiral motion. Fig. 3(b) is 
the dual dq transformation. In the coordinate transformation 
of the motor, the dd axis is taken to coincide with the stator 
A-phase winding. The dd axis passes through the geometric 
center of the permanent magnet, the difference of electrical 
angle between the dq and qd axes and dd axis is 90 electrical 
degrees both in the axial and circumferential directions, and 
the difference of electrical angle between the qq and dd axes 


































(a)                         (b) 
A-E-I
A-FA-B-C
A-D-G A-H  
(c) 
Fig. 3. FR-LRPMA winding arrangement and dual dq 
transformation. (a) Winding arrangement, (b) Dual dq 
transformation, (c) no-load flux linkage waves. 
 
The current calculation is taken as an example, and the 0 
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2.3.1 The flux equation 
The flux linkage equation in the mover coordinate system 
is 
2
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where Ldd, Ldq, Lqd and Lqq are the inductances of dd, dq, 
qd and qq axes, respectively. Since the relative permeability 
of PM is approximately 1, Ldd=Ldq=Lqd=Lqq=9L/4, L is the 
inductance of single-phase stator winding.pmdd, pmdq, pmqd 
and pmqq are the PM flux components of the dd, dq, qd and 
qq axes, respectively. pmdd=9pmdd/4, pmdq=pmqd=pmqq=0. 
2.3.2 The voltage equation 
The expression of the voltage in the dual dq mover 
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where ω and ωz are the electrical speeds of the mover in 
the circumferential and axial directions, respectively. 
ωz=2πz/z, Rdd, Rdq, Rqd and Rqq are the resistances of dd, dq, 
qd and qq axes, respectively. Rdd=Rdq=Rqd=Rqq=9R/4. 
According to (7), the expression is 
/ ( ) / / 2 / 2
/ ( / 2 ) / 2
/ 2 / 2
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/ 2 / 2
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According to the voltage differential equation (8), the 
current sub-model (FR-LRPMA source) is established in the 
mover coordinate system, including the current and voltage 
sub-models of dd, dq, qd and qq axes. In the sub-model, the 
current signals are given in the nine-phase stator coordinate 
system according to the nine-phase voltage signals, the 
mover linear position, rotation speed and rotation position 
information. The sub-model consists of the sub-model of 
nine-phase to four-phase (dual dq), the current and voltage 
sub-model in the mover coordinate system (Uddqq-iddqq), and 
the sub-model of four-phase to nine-phase (anti-dual dq). 
The voltage sub-model of nine-phase conversion to four-
phase is achieved by the voltage conversion from nine-phase 
stator coordinate system to dual dq-axis mover coordinate 
system. The current sub-model of four-phase conversion to 
nine-phase is built by the current conversion from dual dq-
axis mover coordinate system to nine-phase stator 
coordinate system. 
The expression of the torque in the circumferential 
direction is 
9
[ ( ) ( )]
8
eq
e eq dq pm dq dd dd dq qq qd qd qq
P
T K i i i L L i i L L      (9) 
The expression of the thrust in the axial direction is 
9 ( )/4
e zq zq qd dd qq dq dd qd dq qq z
F P K i i i i           (10) 
According to (9) and (10), the torque sub-model and the 
force sub-model are built. 
2.3.3 The mechanical equation 
According to Newton's law of motion, without 
considering the torsional elastic torque coefficient of the 
conditions, the mechanical equations of FR-LRPMA in the 
circumferential and axial directions are 
/ / 2e m r eq eq fr r lT J d dt P K B T           (11) 
/ / 2e m z zq zq fz z lF m dv dt P K B v F          (12) 
where Jm and mm are the inertia and mass of the actuator 
mover, respectively. ωr=dr/dt, Bfr and Bfz are the system 
friction coefficients of rotation and linear movement, 
respectively. Tl and Fl are the cogging torque and linear 
detent force in the rotary and linear motion, respectively. 
The mechanical loss is ignored. According to (11) and 
(12), the rotational sub-model and the linear sub-model are 
established. The input and output signals of linear motion 
sub-model are the linear electromagnetic force and the linear 
mechanical speed, respectively. The input and output 
quantity signals of rotary motion sub-model are the torque 
and mechanical angular speed, respectively. The sub-model 
of linear and rotary motions can give the different load types 
of the actuator by selecting switch model. The enabled 
subsystem is the subsystem of each simulation step executed 
when the control signal is positive. And it can avoid the 
operation when the rotary speed value is zero. Then the 
constant power load torque operation can be achieved. 
2.3.4 The torque and thrust equation 
According to the electromechanical energy conversion 
principle, the magnetic total energy ),,( izW
m
  is the 
integration of the flux and the current, and the expressions 
of torque and linear thrust are 
max
max
sin( ) cos( )
2 cos( ) sin( )/
e nm i j
e nm i j z
T p N i z
F N i z

   
     
    





where =pmec, =2πz/, N is the number of the 
winding. max is the maximum flux linkage of the stator pole. 
i and zj are the phase differences between the different 
stator teeth, respectively. 
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built according to (14).When idd=iqq=0, the torque is related 
to the dq axis current component idq, and the thrust is related 
to the qd axis current component iqd. Then the relationship 
between the torque and the dq axis current is linear, and the 
relationship between the thrust and the qd axis current is 
also linear. In the actual control system, the position of the 
dd axis is detected, the stator nine-phase winding 
magnetomotive force after dual dq transform only contains 
the dq and qd axes components, and then the rotary, linear or 
spiral movement of FR-LRPMA is achieved. 
2.4 Improved SVPWM 
 
Since the movement range of the mover is only 47 mm in 
the axial direction, the rotary motion is the main motion type 
and the linear motion is used to change the linear position. 
Since the linear speed is about 4 mm/s, the actuator can not 
work at low speed by the traditional SVPWM. Then the 
improved SVPWM is proposed in the paper, which 
combines SVPWM and PWM modulation technology. 
When the actuator is in rotary motion, assuming that 
max
cos( ) cos( )
Aa
i I    
 
    , the waveform of Back-
EMF is symmetrical. Then '
max
9 sin cos /4
e pm
T I   
 
  , 
similarly, '
max
9 cos sin / 2
e pm
F I    
 
  . If 
0 , max9 / 4e pmT I   . If 
90  and 0 , 
then
max
9 cos sin /2 0
e pm
F I    
 
   , the linear 
position can change. Since the rotary, linear or spiral motion 
are achieved by one set of winding, then table 2 is the 
correspond relationship of switch time and sector when in 
rotary or linear motion. Table 3 is the switching time. The 























Then the switching time is calculated as  
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Table 2. The correspond relationship of switch time and 
sector when in rotary or liner motion 
 
Sector I II III IV V VI 
Tcm1 t1 t2 t3 t3 t2 t1 
Tcm2 t2 t1 t1 t2 t3 t3 
Tcm3 t3 t3 t2 t1 t1 t2 
where 1 _ 1 _ 2 /2t t t t  （ ） , 2 1 _ 1t t t  , 3 2 _ 1t t t  . 
Table 3. The correspond relationship of switch time and sector when in rotary, linear and spiral motion 
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t t T  . t_1, t_2 is the 
action time of adjacent non-zero vector when in rotary motion, respectively. T_1, T_2 are the action time of adjacent non-zero 






Fig. 4. The overall block diagram of FR-LRPMA control system simulation model. 
 
2.5 The simulation model 
 
The control strategy of FR-LRPMA combines the control 
strategy of flux reversal machine and LRPMA. Fig. 4 is the 
overall block diagram of FR-LRPMA control system 
simulation model. In order to verify the correctness of 
mathematical model and control strategy, the FR-LRPMA 
subsystem and improved SVPWM control module are built 
using the general Simulink module. Power converter 
subsystem is built using the PSB module, and the 
connection of several control system simulation model is 
constituted by the application interface module port design. 
Table 4 is the main parameters of simulation system of 
FR-LRPMA. Fig. 5 are the cogging torque and linear detent 
force waveforms. The voltage measurement sub-model is 
established according to the current sub-model. The sub-
models of linear and rotary position signals are established 
according to the requirement of the improved SVPWM. 
The input signal of FR-LRPMA sub-system is the voltage 
of the nine-phase half-bridge module. The output signals of 
FR-LRPMA sub-system are nine-phase current signals, and 
the position signals of mover in the axial and 
circumferential directions. The other parameters need to be 
observed. 
Table 4. The main parameters of simulation system of 
FR-LRPMA 
Parameters Value 
Rated power 400 W 
Rated speed 1500 rpm 
Rated current 5 A 
Rated voltage 30 V 
Rated frequency 200 Hz 
Stator resistance 1.2 Ω 
Stator inductance 2.47 mH 
Linear motion distance 47 mm 
 
   
(a)                     (b) 
Fig. 5. Cogging torque and linear detent force 
waveforms.(a) Cogging torque, (b) Linear detent force.  
 
3. Load Simulation Analysis of FR-LRPMA 
 
3.1 Rotation Motion 
 
 




























(a)                                (b) 
 














Fig. 6. Variable waveforms of rotary regulation speed 
motion in the load condition.(a) Rotary speed, (b) Four 
phase currents in the mover coordinate system, (c) Rotary 
torque. 
 
When the rotary speed is 40 rpm, the current phase of 




phase A, phase B and phase C of three independent stators 
are at 0°, 120° and 240°, respectively. Fig. 6 (a) shows the 
speed waveform, Fig. 6 (b) the four-phase current 
component waveforms in the mover coordinate system, and 
Fig. 6 (c) the torque waveform. When the actuator is 
operated at 0.5 s, the amplitude of the current value changes 
from 3 A to 6 A, then the torque changes from 1.5 Nm to 3 
Nm. It is clear that the torque is proportional to the dq axis 
current component. The ripple of the speed, the torque and 
the dq axis current component are larger than those in other 
stage when the rotary speed changes. 
 
3.2 Linear Motion 
 
When the linear speed is 3 mm/s, the current phase of the 
stator winding remains constant in the circumferential 
direction. The phases of the phase A, phase B and phase C 
of three independent stators are 0°, 120°and 240°, 
respectively. Fig. 7 (a) shows the linear regulation 
waveform, Fig. 7 (b) the four-phase current component 
waveforms in the mover coordinate system, and Fig. 7 (c) 
the thrust waveform. At 0.5 s, the amplitude value of the 
current changes from 2 A to 4 A, then the torque changes 
from 2 N to 4 N. It is clear that the thrust is proportional to 
the qd-axis current component. 
 
  











(a)                                   (b) 
 












Fig. 7. Variable waveforms of linear regulation speed 
motion in the load condition.(a) Linear speed, (b) Four 
phase currents in mover coordinate system, (c) Thrust. 
 
3.3 Spiral Motion 
 
Fig. 8 (a) shows the rotary and linear speeds, Fig. 8 (b) 
he four phase currents in the mover coordinate system, and 
Fig. 8 (c) the torque and the thrust waveforms. When the 
rotary speed is 40 rpm and the linear speed is 3 mm/s, the 
amplitude value of the current idq changes from 3 A to 6 A 
at 0.5 s. The amplitude value of the current iqd 
changes from 2 A to 4 A at 1 s, then the torque changes 
from 1.5 Nm to 3 Nm, and the thrust changes from 2 N to 4 
N. It is clear that the rotary and linear motions are 
independent to each other. 
 
   
(a) 
   
(b)                    (c) 
Fig. 8. Variable waveforms of spiral regulation speed 
motion in the load condition.(a) Rotary and linear speeds, 
(b) Four phase currents in the mover coordinate system, (c) 
Torque and thrust. 
 
4. Experimental Results and Discussions 
 


























































































Fig. 9. The configuration of the experimental control 
system of FR-LRPMA. 
 
Fig. 9 shows the configuration of the control system of 
FR-LRPMA based on TMS320F28335. The control system 
of FR-LRPMA consists of the DSP controller, data 
collecting and processing module, drive module, which can 
realize the control algorithm, sample and filtering of th
e analog signals of currents and voltages, axial positio
n signal, the digital signal of the rotary speed from th
e resolver. The control system communicates with the host 






sampling period is 100 μs and the actual computation time 
of the algorithm is about 30 s in the DSP. The inverter 
bridge consists of eighteen metal-oxide-semiconductor 
field-effect transistors (IRFP 460) with a rating of 20A, 
500V, and it makes the whole drive circuit simpler and 
more reliable. TLP250 is taken as optocoupler device. The 
measure range of the voltage measured hall voltage sensor 
(VSM025A) is 10~500V. The output voltage signal of the 
hall current sensor (CSM006NPT3.3) is 0-3.3V. A high 
precision linear resistance scale (BW-75mm) is selected to 
measure axial displacement, and its measure range and 
measure accuracy are 75mm, 5m, respectively. The 
circumferential position and rotary speed are measured by 
the resolver (TS2540N321E64), and its excitation 
frequency is 10 kHz.  
 
4.2 Experimental Platform 
 
Fig. 10 illustrates the experiment platform of FR-
LRPMA. Fig. 10 (a) shows the test platform of the torque 
and cogging torque, which consists of the prototype, the 
control system and the torque measuring instrument (MT-
6425). Fig. 10 (b) shows the hardware of the control system, 
which consists of four parts: signal acquisition module, 
drive module, decoding module and DSP control board. Fig. 
10 (c) shows the test platform of electromagnetic force in 
the axial direction, which contains the prototype, the S-type 
tension sensor and the operational amplifier. When the 
prototype is in linear motion, the mover is connected to the 
linear motor by the S-type tension sensor, which is fixed to 
the pedestal.  
 
        
(a)                 (b) 
  
(c) 
Fig. 10. The experiment platform of FR-LRPMA.(a) 
Testing of electromagnetic torque, (b) The control system, 
(c) Testing of electromagnetic force. 
4.3 The Control Experiment of Rotary, Linear and 
Spiral Motions 
 
The optimization of cogging torque and linear detent 
force is an important part in the design. In order to verify 
the optimization results, it is needed to measure the cogging 
torque in different linear positions and the linear detent 
force in different mover angles in the test experiment. 
Fig. 11 plots the experimental waveforms of rotary 
motion of FR-LRPMA, (CH1:2V, CH2:2V, CH3:2A, 
CH4:2A, M:50ms) when the speed is 150rpm using 
improved SVPWM. 1 indicates the current waveform of the 
phase A in Fig. 11(a), and shows the linear position signal 
in Fig. 11(b). 2 is the position signal of the resolver, and 3 
and 4 indicate the current waveforms of phase A, phase B, 
respectively. It is clear that the prototype design and the 
control model are correct. The slope of signal 2 from the 
top point to the bottom point is stable, which is verified that 
the rotary speed is stable. The current value of phase A in 
Fig. 11(1) is digital to analog signal generated by the DSP 
controller, which is similar to the actual current signal of 
phase A in Fig. 11(3), it is clear that the tracking and load 
regulation response is fast. Fig. 12(a) shows the 
measurement results of the linear motion (CH1:2V, CH2:1V, 
CH3:5A, CH4:5A, M: 2.5s). The armature magnetic field 
can be obtained by changing the phase of the nine phase 
currents, then we can obtain the magnetic field for spiral 
motion. Fig. 12(b) is the experiment result of the spiral 
motion. 1 indicates the linear position signal, 2 is the rotary 
angular position signal, and 3 and 4 indicate the current 
waveforms of phase A and phase B, respectively. The linear 
position signal (0-47mm) is measured by linear resistance 
ruler, which is converted to voltage signal (0-3.2V), the 
rotary position signal (0-2) is measured by resolver, which 
is converted to voltage signal (0-2.4V), and then the voltage 
signal can reflect the control accuracy. 
In Fig. 11 and Fig. 12, it is clear that there is no linear 
displacement when the actuator is in rotary motion and 
there is no rotary displacement when the actuator is in 
linear motion. The rotary motion and linear motion can 
work independently. Linear and rotary speed frequencies 
are at the lowest value 0.1 Hz as shown in Fig. 12(b), and 
the linear position and rotary position are changing 
simultaneously. It is concluded that the control algorithm 
and the control strategy are correct and effective. Spiral 
motion is a combination of rotation motion and linear 
motion, and the spiral motion frequency can be composed 
by the rotary and linear motion frequencies. The rotary 
speed of spiral motion can be higher with the rotary 
frequency increasing. Since the effective magnetic circuits 




slightly different as shown by 3 and 4 in Fig. 12(b). 
 
 
(a)                         (b) 
Fig. 11. The rotary motion of FR-LRPMA.(a) Feedback 
signal verification, (b) Operating status.  
 
 
(a)                      (b) 
Fig. 12. Experimental results.(a) Linear motion, (b) Spiral 
motion. 
 
4.4 The Experiment Results of Electromagnetic 
Characteristics 
 
Fig. 13 shows the cogging torque test results in different 
linear positions: L=0 mm and L=20 mm. The rotary motion 
is steady without axial movement in different linear 
position. The mover shaft of the actuator and the torque 
tester are fixed through the coupler. According to the 
different linear position, the voltage phases of the phase A, 
phase B and phase C are different. When L=0 mm, the 
voltage phase difference of phase A and phase D is 180 in 
the axial direction, and the voltage phase difference of 
phase A, phase B and phase C is 120 in the circumferential 
direction, then the cogging torque can be measured. When 
L=20 mm, the cogging torque can be tested using the same 
method. It is clear that the amplitudes of the cogging torque 
in different linear positions are the same, and the amplitude 
in the same linear position remains steady. The cogging 
torque amplitude of the experiment result is consistent with 
that of the simulation as shown in Fig. 5(a).  
The tension sensor is fixed on the mover shaft, Fig. 14 
shows the test result of the linear detent force when the 
angular angle =0 and =15. It is clear that the 
amplitudes of the linear detent force under different angular 
positions are the same, and the amplitude in the same 
angular position is constant. The linear detent force 
amplitude of the experiment result is consistent with that of 
the simulation as shown in Fig. 5(b). Fig. 15 shows the 
torque waveform under the condition with bus voltage of 5 
V, and the load is 1.06 Nm. Fig. 15(a) shows the torque 
waveform at 166 rpm. Fig. 15(b) is the rotary speed 
waveform with no fluctuation. It is clear that FR-LRPMA 











































(a)                         (b) 
Fig. 13. The cogging torque test results in different axial 
linear positions.(a) Cogging torque when the linear position 
is at 0 mm, (b) Cogging torque when the linear position is 

































(a)                            (b)  
Fig. 14. Linear detent force under different angle positions. 
































(a)                      (b) 
Fig. 15. The torque test result.(a) Torque waveform (166 
rpm, 1.06 Nm), (b) Speed waveform. 
 
Fig. 16(a) is the torque waveform when the rotary speed 
is 900rpm, the current is 5A. Compared with the torque 
result of Fig. 15(a), the torque ripple is higher. It can be 
concluded that the closed-loop system is more stable when 
the actuator works at load 1.06 N. m than that when the 
load torque is 4.75 N. m in Fig. 16(a). Fig. 16(b) is the 






achieve the optional characteristics at different speed and 
torque conditions. The high-efficiency work areas are 

















(a)                        (b) 
Fig. 16. The torque waveform at 1500rpm. (a) Torque 




The electromagnetic and motion decoupled process of 
FR-LRPMA is detailed described in the paper. The control 
equations of FR-LRPMA are derived in nine phase stator 
and dual dq-axis mover coordinate systems, and its 
mathematical model and the control model in the mover 
coordinate system are established by the improved 
SVPWM in MATLAB/Simulink software, then the rotary, 
linear or spiral motion are achieved. A prototype of FR-
LRPMA is made and an experimental platform of FR-
LRPMA is set up. The waveforms of torque/cogging torque 
in different linear positions and the linear detent force in 
different angular positions are reported, which are 
consistent with the results obtained from the simulation. 
And it can also verify that the prototype optimization, 
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